Jog, Milind A.; Cohen, Ira M.; and Ayyaswamy, Portonovo S., "Breakdown of a Wire-to-Plane Discharge: Transient Effects" (1991). Departmental Papers (MEAM). Paper 180. http://repository.upenn.edu/meam_papers/180
INTRODUCTION
A fully two-dimensional analysis of the transient electrical breakdown of a wire-to-plane discharge has been described. There have been several studies and reviews on electrical breakdown in parallel plane and nonuniform geometries (see, for example, Refs. l-5). Most of the analytical studies consider a one-dimensional model and the nonuniformities are taken into account via the initial potential distribution. Two-dimensional analyses of electrical breakdown in a parallel plane geometry have also been carried out6*' Recently, Ramakrishna et al. ' reported a two-dimensional analysis of breakdown of a wire-to-plane discharge; however, the discharge in their study has been considered to be isothermal. Here, we consider a more general formulation. The electron energy gain from the electric field and loss by inelastic collisions are included. The discharge is described by conservation equations for charged particle densities and electron energy together with the Poisson's equation for the self-consistent electric field. The charged particle densities and temperature variations have been obtained for positive as well as negative wire polarities, At a given location, the increase in electron temperature precedes the rapid increase in electron density and the electron temperature decreases as the ionization progresses. With a negative wire polarity, the breakdown occurs in the entire gap at a faster rate than with a positive wire polarity. Discharges such as the one studied here, are used, for example, in the melting of wires in the ball-bonding process of semiconductor chips. ' In the ball-bonding process, a fine metal wire (typically 25 pm diameter) is heated from below by an electric discharge across an air gap. (Sometimes an inert or reducing gas is used at atmospheric pressure.) After the initial breakdown, treated in this paper, a steady discharge of brief duration heats and melts the wire. Surface tension causes the molten metal to roll up and form a ball. The discharge is then terminated, the ball solidifies, and is pressed down by a bonding machine onto a pad on a semiconductor chip to form a (ball) bond, Wire is looped over to the mounting (lead) frame where a second bond is made to connect the chip circuitry to the outside.
II.~MATHEMATICAL. FORMULATION
A collision-dominated plasma is adequately described by the continuum conservation equations. Here we consider a collision-dominated, low-energy, two-temperature plasma consisting of three species-electrons, positive ions, and neutrals, We assume that each specie is in equilibrium with its like particle, and t5e background gas is homogeneous and at rest. Since good collision coupling exists between the heavy particles, ion and neutral particle temperatures are taken to be the same and prescribed as constant. The breakdown is assumed to be axially symmetric. The governing conservation equatio:ns are derived in Refs. 10 and 11. These are -+ v-r,, =:
where the electron and the ion fluxes are given by rc,i = -@de) (VP,~ t eN,,$), P,., = Nc,;kT,i.
The electron temperature is obtained from the energy con- 
Here, N represents charged particle number density, Tis the temperature,p represents pressure, ,u the mobilities, Vis the electric potential, E is the electric field, Qi is the rate of transfer of energy during inelastic collisions, k is Boltzmann's constant, k, is the electron thermal conductivity, e0 is the permittivity of free space, and e is the magnitude of electric charge on an electron. The subscripts e and iare used for electrons and ions, respectively. At atmospheric pressure, the mean-free path for collisions is about 0.1 pm. The gradient length in this problem is about 1 Oprn (as can be seen from our results below). Thus a typical length scale for charged particle variation is about 100 mean-free paths, validating a continuum or diffusion model. Even during the subsequent steady discharge, when the ionization may be substantial and the Debye length in the body of the plasma may be as short as the mean-free path, the sheaths adjacent to the electrodes are measured in terms of the ZocaZ Debye length. This is much larger because of the depressed densities in the sheaths due to the absorbing boundary condition. Thus, even the sheaths obey a continuum description.
In the above, P( N, ) -R (N, ) is the net ionization produced by electron impact ionization, thermal ionization, and three-body recombination. Impact ionization is given by PCN,) =a,,qEN,.
The primary ionization coefficient LZ, is a function of the ratio of electric field to the gas pressure E/p. a, =A;pexp[ -B,/(E/p)]. The constants A, and B, depend upon the type of gas.' 2V'3 The Saha equation gives the net thermal ionization and recombination as"
and the recombination coefficient strongly depends on the electron temperature as " y= 1.09X 10-20T,9'2 (m'/sec). Here theg's are statistical weights, V, is the ionization potential, and h is Planck's constant.
To calculate the energy transfer during inelastic collisions (Q,, ) we consider that successive excitation collisions result in ionization. We assume that each ionization consists of two inelastic collisions and that half of the ionization energy is transferred during each collision.
The discharge is modeled in a prolate spheroidal coordinate system which provides a fine computational grid near the wire tip (see Fig. 1 ). The wire shape is taken as a hyper- 
z = a cash u cos v. Here a is the semifocal distance used as a normalization length. We define a "wire diameter" d as twice the tip radius of curvature. Thus d = 2L tan' v,, L = a cos v, , where L is the interelectrode gap.
The coordinates shown are natural for this problem, as both electrodes could be taken as coordinate surfaces. Moreover the initial condition for the electrostatic potential has a simple form and boundary conditions are easily stated. The complexity of the metric coefficients is of no consequence in our numerical solution.
We introduce the following normalizations to obtain a nondimensional formulation. The temperatures are normalized by the ambient temperature T, . The number densities are normalized by the number density value which results in a Debye length equal to the wire diameter NR = kT, e,/(e'd 2). The potential and the electric field are normalized by VR = kT, /e and E, = V,/d, respectively.
With this normalization the governing equations, the boundary conditions, and the initial conditions are anet A+ F,.i at ( sinh' n. n u--.a, au 9 e.r-+ 0, and T,-+T,.
The electrodes are considered to be nearly perfect absorbing surfaces. The number density no is the small ambient density due to the omnipresent background radiation. This is assigned to the electrodes to avoid singular behavior which may result from requiring zero density at the electrodes. This also accounts for the weak reflection and emission from the electrode surfaces.
Initial conditions: The initial charged particle densities are taken to be no and the initial temperature is T, . As the initial charged particle densities are very small, the initial electric field is given by the solution to Laplace's were solved numerically using the alternating direction implicit method. The diffusion terms were discretized by central differences whereas the drift terms were discretized by upwind differences. Initially when the charged particle number densities are very low, the electron transport due to diffusion is very small compared to the transport due to electron drift. As the number densities increase, the drift and the diffusion effects become comparable in the tl direction whereas in the o direction drift terms remain much larger than the diffusion terms. We first discuss results for a positive wire.
A. Positive wire polarity Figure 2 shows the variations of charged particle densities at several locations on the discharge axis. The electron densities rise and then become constant when a balance is achieved between net production and drift. This rise in number density is direr-em for different locations. The electric field decreases from the wire to the plane which results in a corresponding decrease in production of charged particles. Since electrons move i:oward the wire, both the effects lead to successively higher number densities toward the wire. It can be seen that the breakdown has not reached much beyond 2 = 0.8. The electrons gain energy from the electric field as they drift toward the anode wire. This confines the electron temperature increase ::o regions of the discharge in the vicinity of the wire tip. This can be seen from Fig. 3 . The temperature increases as the ionization proceeds. In this case the ionization levels are lower than those with negative wire polarity, less energy is lost by the electrons, and the drop in electron temperature is consequently lower. the radial variations of charged particle densities. As the electrons move toward the wire electrode, the inward electric field causes a drift toward the discharge axis. This confines the higher electron densities to within a few wire diameters of the discharge axis. The corresponding electron temperature variations are shown in Fig. 5 .
6. Negative wire polarity Figure 6 shows the variations of charged particle densities at various locations along the discharge axis. The production of charged particles begins near the wire tip. As the electron number density increases, electrons move toward the planar electrode resulting in increased number densities of charged particles due to increased ionization and drift. This rise in number density occurs at progressively later times for locations farther from the wire tip. Comparing this with the variation of charged particle densities along the discharge axis for positive wire polarity (Fig. 2) we see that the charged particle densities are higher in the vicinity of the wire tip for positive wire polarity. With the negative wire polarity, charged particle densities increase toward the planar electrode. As the ion drift is small and the ionization rate is proportional to the electron number densities, large ion number densities occur at the locations where the electron densities are large. The temperature variations for the same locations considered in ,7,,,lf< .,-, " ""f, 4-1 -,,-,,"",W, tl"'12-,-I,"u,l-,rvlmQ--r- the ionization progresses outward from the wire tip, the charged particle densities increase very rapidly. This rapid increase in number density is preceded by an increase in electron temperature at a given location. Electrons gain energy from the electric field and the electron temperature increases. This can be seen from the rising part of the temperature curve in Fig. 7 . These electrons lose their energy in inelastic collisions with the neutrals. As the ionization rate increases, electrons lose progressively more energy in the ionization process, which results in a decrease in electron temperature. Later, a balance is achieved between gain and loss of electron energy resulting in a constant electron temperature. In this circumstance, electron densities on the axis are almost constant as the ionization rate on the discharge axis essentially compensates for the electron drift. The ion mobility is much smaller than that of the electrons resulting in a small ion drift, and ion densities continue to rise. After this plateau, the electron temperature starts increasing again. This may lead to the second phase of breakdown where thermal ionization will become increasingly important and charged particle densities will grow still larger to complete the process of breakdown.
IV. CONCLIJSIONS
We have studied electrical breakdown of a wire-to-plane discharge at atmospheric pressure. Th'e discharge is described by conservation equations for charged particle densities and electron energy together with Poisson's equation for the self-consistent eIectric field. These governing equations have been numerically integrated to obtain the variations of charged particle densities and electron temperature for negative as well as positive wire polarities. From this study we draw the following conclusions:
(1) The breakdown occurs in the entire gap at a faster rate with negative wire polarity than with positive wire polarity.
(2) With positive wire polarity the maxima in charged particle density and electron temperature occur on the discharge axis, whereas with the negative wire, the maxima in charged particle density and electron temperature occur a few wire diameters away from the discharge axis.
(3) The steep rise in electron temperature precedes the rapid increase in elecl.ron density at a given location, but the electron temperature decreases as the ionization continues. 
